ABSTRACT-Background: Choosing the appropriate endpoint for a trauma hemorrhage control trial can determine the likelihood of its success. Recent Phase 3 trials and observational studies have used 24-h and/or 30-day all-cause mortality as the primary endpoint and some have not used exception from informed consent (EFIC), resulting in multiple failed trials. Five recent high-quality prospective studies among 4,064 hemorrhaging trauma patients provide new evidence to support earlier primary endpoints. Methods: The goal of this project was to determine the optimal endpoint for hemorrhage control trials using existing literature and new analyses of previously published data. Results: Recent studies among bleeding trauma patients show that hemorrhagic deaths occur rapidly, at a high rate, and in a consistent pattern. Early preventable deaths among trauma patients are largely due to hemorrhage and the median time to hemorrhagic death from admission is 2.0 to 2.6 h. Approximately 85% of hemorrhagic deaths occur within 6 h. The hourly mortality rate due to traumatic injury decreases rapidly after enrollment from 4.6% per hour at 1 hour postenrollment to 1% per hour at 6 h to <0.1% per hour by 9 h and thereafter. Early primary endpoints (within 6 h) have critically important benefits for hemorrhage control trials, including being congruent with the median time to hemorrhagic death, biologic plausibility, and enabling the use of all-cause mortality, which is definitive and objective. Conclusions: Primary endpoints should be congruent with the timing of the disease process. Therefore, if a resuscitation/hemorrhage control intervention is under study, a primary endpoint of all-cause mortality evaluated within the first 6 h is appropriate. Before choosing the timing of the primary endpoint for a large multicenter trial, we recommend performing a Phase 2 trial under EFIC to better understand the effects of the hemorrhage control intervention and distribution of time to death. When early primary endpoints are used, patients should be monitored for multiple subsequent secondary safety endpoints, including 24 h and 30-day all-cause mortality as well as the customary safety endpoints.
The epidemiology of trauma supports that injury is one of the largest public health problems in the world today. In 2010, there were 5.1 million deaths from injuries (1) , greater than the number of deaths due to HIV, tuberculosis, and malaria combined (3.8 million) . Worldwide the number of deaths from injuries increased by 24% between 1990 and 2010 (2) . In the United States, trauma deaths increased by 23% between 2000 and 2010, while the US population increased only 9.7% (3) . Additionally, at least 20% of all trauma deaths are the result of survivable injuries and are therefore preventable with optimal care (1, 4) .
In February 2008, physicians, ethicists, statisticians, and research scientists from the military, academia, industry, the Food and Drug Administration (FDA), and the National Heart, Lung and Blood Institute gathered to discuss the obstacles confronting the trauma community in their efforts to improve patient outcomes. The consensus was that more discussion was needed and that consideration of new endpoints for clinical trials in emergency trauma research was a worthwhile and necessary goal. At the time, few prospective studies of bleeding patients had been performed and the timing of endpoints was therefore not well described or understood (5) .
Since that meeting, five major prospective studies have been published providing data on time to death among injured and hemorrhaging patients, including a large clinical trial that provides data relevant to endpoint issues. In this commentary, we review the new literature and perform a secondary analysis of data from the Pragmatic, Randomized Optimal Platelet and Plasma Ratios (PROPPR) trial to determine the optimal endpoints for hemorrhagic trauma trials. been published since the endpoint meeting of 2008. In 2010, the CONTROL trial of recombinant activated factor VII (rFVIIa) among patients with active hemorrhage caused by trauma was published with an enrollment of 573 subjects having a 30-day mortality of 11.6% (6) . This trial's publication did not present time to hemorrhagic death and was ended early due to futility.
In a 2011 trial of prehospital resuscitation of patients with hypovolemic shock comparing hypertonic saline versus normal saline, 30-day mortality was 26.9% among 853 patients enrolled (7) . A pooled analysis of both cohorts in the trial (traumatic brain injury [TBI] and hypovolemic shock) reported that the median time to death was 2 h in the shock cohort, 29 h in the TBI cohort, and 4 h in patients with both. Additionally, sepsis and multiple organ dysfunction accounted for only 2% of deaths (8) .
The prospective, randomized, prehospital PolyHeme trial, also published in 2011, reported a 30-day mortality of 11.5% among the 714 patients enrolled with acute blood loss (9, 10) . In this study, approximately 50% of patients who did not receive PolyHeme (controls) died within 2 h according to that manuscript's first figure. Interestingly, these three prospective randomized studies with three different hemostatic interventions showed no significant differences between experimental treatment and controls in mortality at 28 to 30 days.
Among 1245 patients enrolled, the PRospective Observational Multicenter Major Trauma Transfusion (PROMMTT) study reported an in-hospital 30-day mortality of 25% and that 94% of hemorrhagic deaths occurred with 24 h of hospital admission (11) . The median time to hemorrhagic death in this study was 2.6 h (interquartile range [IQR]: 1.7-5.4) . PROMMTT likely included a mix of low to moderately bleeding patients as well as severely bleeding patients due to the eligibility criterion that patients were required to receive at least one unit of RBCs within 6 h of admission.
Lastly, the PROPPR trial enrolled 680 patients at 12 centers over 15 months, and studied the early administration of plasma, platelets and red blood cells (RBCs) in a 1:1:1 ratio compared with a 1:1:2 ratio (12) . While the investigators attempted to apply lessons learned from previously published studies, PROPPR did not result in significant differences in mortality at 24 h or at 30 days, the coprimary endpoints. However, more patients in the 1:1:1 group achieved hemostasis and fewer experienced death due to exsanguination by 24 h. Additionally, no other differences in safety-related outcomes were identified between the two groups despite the increased transfusion of plasma and platelets in the 1:1:1 group (12) . From admission, the median time to hemorrhagic death was 2.4 h (IQR: 1.2-4.0) and the median time to hemostasis was 2.3 h (IQR: 1.6-3.6) .
In summary, the median time to hemorrhagic death was 2.0 to 2.6 h in the four prospective resuscitation trauma studies that reported it (Table 1) . Additionally, mortality at 30 days varied among the 5 studies (n ¼ 4,064) from 11.5% to 26.9%, which is likely a reflection of hemodynamic instability and injury severity among each study's enrolled patient population. Only PROMMTT and PROPPR reported 24-h mortality rates, which were 11.9% and 14.9% respectively. The four studies reporting information about hemorrhagic death (n ¼ 3,491) consistently indicate that severe hemorrhage in trauma patients resolves or causes death within 3 h for at least 50% of patients.
Additional evidence from post hoc analyses of PROPPR Previously unpublished results from PROPPR show that at 3 h after randomization there was a significant difference in allcause mortality between groups ( Table 2) . At 3 h, there were 20 deaths (5.9%) in the 1:1:1 group versus 38 deaths (11.1%) in 1:1:2 (P ¼ 0.02 with Mantel-Haenszel adjusting for site) and the increased mortality in the 1:1:2 group was predominantly due to exsanguination deaths. From 3 h through 30 days, there were 106 additional deaths, 55 (17.3%) in the 1:1:1 group, and 51 (16.8%) in the 1:1:2 group (P ¼ NS). The causes of death were similar in both groups during this time period. TBI (n ¼ 55, median time to death ¼ 41 h) and multiple organ failure (MOF) (n ¼ 18, median time to death ¼ 221 h) accounted for the majority of deaths after 3 h and were not different between groups. At 3 h the difference in mortality between the two groups was 5.2% and at 30 days the difference decreased to 3.7%, without crossing of hazards and likely due to competing risks.
Examining the hourly mortality rates ascertained in PROMMTT and PROPPR gives another perspective ( Fig. 1 ). Since PROMMTT was observational and excluded patients who died in the first 30 min, the mortality rate at 1 h underestimates the mortality rate in all bleeding trauma patients and these data were excluded from the graph. However, curves generated from both studies are surprisingly similar-starting high and rapidly decreasing to 1% per hour around 5 to 6 h and to nearly 0 approximately 8 to 9 h after study enrollment. Referring back to Table 2 , the proportion of death due to hemorrhage decreases after 6 h and the proportion of death due to other causes, particularly TBI, increases.
To further elucidate competing risks of death due to hemorrhage and TBI, we created all-cause Kaplan-Meier failure curves overlaid with cause-specific curves for exsanguination and TBI for all subjects at 3 h, 6 h, 24 h, and 30 days from the PROPPR trial (Fig. 2, A-D) . For cause-specific curves, deaths other than the specified cause are censored. These figures show that at 3 and 6 h, hemorrhage accounted for 91% of all deaths. However at 24 h and 30 days, TBI accounted for 23% and 38% of deaths respectively. These figures suggest that within 6 h of admission, over 90% deaths were hemorrhagic and therefore cause-specific mortality mirrors all-cause mortality in this population. PROPPR showed that rapid enrollment and randomization of patients in hemorrhagic shock is very achievable under exception from informed consent (EFIC). Patients were enrolled into the study at a median of 28 min after hospital arrival, enrollment at the 12 North American sites progressed much faster than expected (up to 90 patients a month), and the study concluded 6 months ahead of schedule (13) . But the results also raise questions about whether the presence of severe traumatic brain injuries in enrolled patients was a reason why the trial did not achieve significance at either of the coprimary endpoints. In an ideal study design for resuscitation and hemorrhage control studies, patients with severe (non-survivable) head injury should be excluded. In reality, it is difficult, if not impossible, to exclude all patients with severe head injuries because severely bleeding patients often have an altered sensorium and must be enrolled before CT scans are done. Additionally, other indicators of severe head injury such as depressed Glasgow Coma Scale often occur in hemorrhagic shock patients who are intubated. Based on physical examination at hospital arrival, PROPPR was able to minimize the number of patients with non-survivable brain injuries enrolled in the study. Although 23% of patients had an AIS-head >2, only 1.8% had isolated head injuries (AIS-head >2 and AIS <3 in all other body regions). Polytrauma patients who were at risk of death due to both hemorrhage and traumatic brain injury were enrolled by design and 30% of enrolled patients died with brain injury as a cause of death. For these reasons, competing risk of death due to head injury will continue to be an issue in hemorrhage control studies until earlier diagnostic technologies become available.
DISCUSSION
Trauma deaths occur rapidly, at a high rate, and in a consistent pattern. Early preventable deaths are largely from hemorrhage, and recent studies show a median time to hemorrhagic death of 2 to 2.6 h, despite differences in interventions and populations enrolled. In addition, the hourly mortality rate due to traumatic injury decreases rapidly over 6 h. After 24 h, small numbers of deaths occur daily due to various causes (pulmonary embolism, myocardial infarction, stroke, MOF, TBI, withdrawal of support, etc). Death due to these other causes, including MOF, is a relatively uncommon daily event, over 30 days (< 5%) compared with the major causes of death, exsanguination and TBI. However, about 25% of all deaths still occur after 3 days (24% in PROPPR), so these late deaths are an important component of overall mortality, but are delayed and very heterogeneous.
Over the last 5 years additional data relevant to resuscitation and hemorrhage control trials have become available, thus a new data-driven and biology-based discussion of endpoints is warranted. Traditional endpoints for resuscitation and hemorrhage control studies are 24-h and/or 30-day all-cause mortality. However, these endpoints are merely convenient, and these arbitrary points on clocks and calendars may not be appropriate for all trauma studies. Knowledge of the biology of the disease and the mechanism of the intervention in question is the key to choosing the timing of a primary endpoint and designing the trial. For example, the CONTROL trial, which examined the effect of rFVIIa on mortality at 30 days, was not performed under EFIC in the United States and therefore the mean time from injury to first dose of rFVIIa was 4 to 5 h, which later studies would show is after the median time to death due to hemorrhage (2.0-2.6 h). Additionally, patients were required to receive between 4 and 8 units of RBCs prior to
FIG. 2. Kaplan-Meier failure curves of cause-specific (hemorrhagic shock [HS] and traumatic brain injury [TBI]
) and all-cause mortality using PROPPR data. A, 3-h mortality. It includes four subjects with both HS and TBI and two subjects with neither. B, 6-h mortality. It includes five subjects with both HS and TBI and two subjects with neither. C, 24-h mortality. It includes seven subjects with both HS and TBI and four subjects with neither. D, 30-day mortality. It includes eight subjects with both HS and TBI and 24 subjects with neither.
570 SHOCK VOL. 47, No. 5 FOX ET AL. randomization. Because of this enrollment criterion and delay in obtaining consent, the CONTROL trial preferentially selected patients who were likely to survive, resulting in lower 30-day mortality in enrolled patients, and directly leading to the early termination of the trial for futility.
For an early endpoint to be warranted, the intervention must either definitively control hemorrhage or help keep the patient alive long enough or create better surgical conditions so that definitive hemorrhage control can occur. The authors of the CONTROL trial posited that rFVIIa would act as an adjunct to other interventions to control coagulopathic bleeding (6) . However, they used a tiered endpoint that did not reflect the timing of hemorrhage: superiority in all-cause 30 day or noninferiority in all-cause 30 day mortality and superiority on durable morbidity (pulmonary or renal dysfunction at day 30). Similarly, in PROPPR, coprimary endpoints of all-cause 24-h and 30-day mortality did not reflect the timing of hemorrhage. Some interventions may be efficacious within 5 min (e.g., tourniquets), and some within 2 to 6 h (e.g., blood products). A small vanguard phase, pilot study, or separate Phase 2 trial should be performed prior to a large multisite trial to help define the appropriate timing of the endpoint. Single arm Phase 2 futility designs can also be utilized to help determine whether an intervention should continue to a large multicenter Phase 3. Most importantly, these initial studies should be performed under EFIC in the United States or comparable regulations in other countries to enroll patients at risk of death due to hemorrhage. The downside of using EFIC is that the investigator must submit an investigational new drug or investigational device exemption application to the FDA, which could add an extra year to the study timeline.
Using all-cause mortality as the endpoint for resuscitation and hemorrhage control trials is ideal because the endpoint is definitive and objective. Using cause-specific mortality in hemorrhage control trials adds subjectivity and potential misclassification due to the clinical determination of the primary cause of death in multiply injured patients. For example, if a patient dies very early in their hospital stay with indications of shock and hemorrhage, physicians likely will not have had time to send the patient to CT and therefore it may be unknown whether the patient's death was due to both hemorrhage and severe TBI. Full autopsies are infrequently performed on trauma decedents, and if they are, the actual primary anatomic cause of death is not often noted. Including misclassified TBI deaths as exsanguination deaths will dilute the observable effect of interventions targeting hemorrhage.
Using PROPPR data, we found that if shorter time periods after hospital admission are used as the endpoint for a hemorrhage-control study (within 6 h using PROPPR data), allcause mortality is nearly equivalent to cause-specific mortality (death due to hemorrhage). In PROPPR, 80% of all deaths due to hemorrhage occurred by 4.8 h after admission. Therefore, early primary endpoints (1-6 h) have critically important benefits, including being congruent with the median time to the expected effect of the experimental intervention and hemorrhagic death, biologic plausibility, and enabling the definitive and objective all-cause mortality to be used instead of the more subjective cause-specific mortality. Later primary endpoints (e.g., 24 h and 30 days) require the use of cause-specific mortality and additional analysis of competing causes of death in studies of hemorrhage control interventions. It should be noted that even in studies using early endpoints, patients should continue to be followed through hospital discharge or day 30 (or longer) to monitor secondary safety endpoints such as later mortality and morbidity such as VTE, MOF, sepsis, and other relevant complications.
Another important aspect of this discussion is sample size estimates, which vary depending on the timing of the endpoint, whether the endpoint is all-cause or cause-specific mortality and the event rate assumptions. Using PROPPR data, sample size estimates for varying absolute differences in proportions, timing of endpoint, and type of endpoint were estimated and are shown in Table 3 . The sample sizes range from nearly 20,000 overall for a 2% difference in proportion using 30-day all-cause mortality to 286 overall for a 12% difference in proportions using 2-h cause-specific mortality. For the differences seen in PROPPR, the required sample size is 1,246 for 3 h all-cause mortality (4.5%) or 5,826 for 30-day all-cause mortality (3%). Importantly, event rates for the endpoint of interest can vary across populations: in the hemorrhage control studies discussed previously, 30-day mortality rates ranged between 12% and 27%. For this reason, it is appropriate to perform a small pilot, vanguard phase, or Phase 2 futility study to verify the event rates used in the sample size calculations. Another potential endpoint that has been only occasionally discussed in the literature is hemostasis, which may be the most direct endpoint for hemorrhage control trials. However, hemostasis has not been used as a primary endpoint in any trauma resuscitation study to date, and therefore little data exists regarding how it would perform. Determining whether a patient has achieved hemostasis requires physician judgement, so it is more subjective than all-cause mortality and may be perceived to be especially problematic in unblinded studies. Hemostasis was an ancillary endpoint in PROPPR and occurred at a median of 2.3 h from admission (or 1.7 h from randomization). Time to control of acute hemorrhage was also rated favorably as a potential end point in a survey of members of the American Association for the Surgery of Trauma (14) . Because of the importance of hemorrhage control, we recommend that future trials continue to develop and evaluate hemostasis as a secondary endpoint.
Recommendations
We recommend that primary endpoints be congruent with the biology and timing of the disease process. Therefore, if a resuscitation/hemorrhage control intervention is under study, a primary endpoint of all-cause mortality evaluated within the first 6 h may be appropriate. Before choosing the timing of the primary endpoint for a large multicenter trial, we recommend performing a small (1-3 center) vanguard phase or a separate phase 2 trial under EFIC to better understand the biologic effects of the new hemorrhage control intervention and the mortality in the target population. Single arm Phase 2 futility designs can also be utilized to help determine whether an intervention should continue to a large multicenter Phase 3. When early primary endpoints are used, patients should be monitored for multiple subsequent secondary safety endpoints, including 24-h and 30-day all-cause mortality as well as the more traditional safety endpoints.
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